The long-term Normalized Difference Vegetation Index (NDVI) time-series data set generated from the Advanced Very High Resolution Radiometers (AVHRR) has been widely used to monitor vegetation activity change. The third version of NDVI (NDVI3g) produced by the Global Inventory Modeling and Mapping Studies (GIMMS) group was released recently. The comparisons between the new and old versions should be conducted for linking existing studies with future applications of NDVI3g in monitoring vegetation activity change. Based on simple and piecewise linear regression methods, this study made a comparative analysis between NDVIg and NDVI3g for monitoring vegetation activity change and its responses to climate change in the middle and high latitudes of the Northern Hemisphere during 1982-2008. Our results indicated that there were large differences between NDVIg and NDVI3g in the spatial patterns for both the overall changing trends and the timing of Turning Points (TP) in NDVI time series, which spread over almost the entire study region. The average NDVI trend from NDVI3g was almost twice as great as that from NDVIg and the detected average timing of TP from NDVI3g was about one year later. Although the general spatial patterns were consistent between two data sets for detecting the responses of growing-season NDVI to temperature and precipitation changes, there were large differences in the response magnitude, with a
Introduction
Vegetation plays an important role in the global carbon cycle [1] . It has been proven that vegetation activity change was closely related to the growth rate of atmospheric CO 2 [2] . Therefore, the monitoring of vegetation activity change is crucial not only for assessing ecosystem responses to climate change but also for examining the carbon exchange between the biosphere and the atmosphere.
The terrestrial ecosystems in the Northern Hemisphere play a significant role in slowing down the atmospheric accumulation of anthropogenic CO2 [3, 4] . However, the magnitude and location of the sink of CO2 show large uncertainties [5, 6] , which lead to continuous researches focusing on monitoring vegetation activity change in the middle and high latitudes of the Northern Hemisphere. There are many investigations about the interannual variation in vegetation activity over the middle and high latitudes of the Northern Hemisphere based on the satellite-derived long-term records of Normalized Difference Vegetation Index (NDVI) data sets [7] [8] [9] [10] [11] . The vegetation activity in the northern middle and high latitudes demonstrated a consistent increasing trend according to the studies with the Global Inventory Monitoring and Modeling Studies (GIMMS) group produced NDVI data sets during 1981-1991 [12] and 1981-1999 [7] . However, this monotonic increasing trend in vegetation activity may be interrupted by abrupt or Turning Points (TP). For example, the research using a prolonged growing season (April to October) GIMMS NDVI data records (i.e., demonstrated that the temperate and boreal Eurasia experienced a reversed trend from 1997 to 2006 though a significantly increasing trend was still observed during 1982-1997 [13] .
The satellite-derived Vegetation Index (VI) data sets are important for monitoring vegetation activity change at large spatial scales (e.g., at regional or global scale), but the discrepancies in different VI data sets could get completely different results [14, 15] . For example, Saleska et al. [8] demonstrated that the Amazon rainforests greened up during the 2005 drought when they investigated the changes in vegetation activity using the Collection 4 Enhanced Vegetation Index (EVI) product, while Samanta et al. [10] found there was no clear green-up in the 2005 drought in the Amazon rainforests when using the improved Collection 5 EVI product. Recently, the latest version of the GIMMS NDVI data set (NDVI3g) was released, which has better overall calibration and post processing normalizations. The GIMMS NDVI3g specifically aims to improve data quality in the high latitudes [16] and is better suited to study vegetation activity change in northern ecosystems [17] . Therefore, it is imperative to compare the latest GIMMS NDVI3g with the old GIMMS NDVIg version in monitoring vegetation activity change in the middle and high latitudes of the Northern Hemisphere.
This study aims to compare the two generation GIMMS NDVI data sets (i.e., NDVI3g and NDVIg) for monitoring vegetation activity variation over the middle and high latitudes of the Northern Hemisphere (30-90°N) during 1982-2008. Using the simple and piecewise linear regression methods, we explored the differences and similarities between the two GIMMS NDVI data sets for the overall changing trends, the timing of TP, and the responses of vegetation activity to climate change. Our hypotheses are: (1) that the two different NDVI data sets may have large discrepancies in monitoring vegetation activity change (e.g., the spatial patterns in the overall changing trends and the timing of TP in NDVI time series), and (2) that the response of vegetation activity to climate change may be different in its spatial patterns and response magnitudes when using two different NDVI data sets. The results of our study can provide an evaluation of the performance of these different NDVI data sets for monitoring vegetation activity change.
Data and Methods

Data and Processing
NDVI Data
The two versions of NDVI data sets (i.e., NDVIg and NDVI3g) were both obtained from the GIMMS group. The NDVIg data was from July 1981 to December 2008 with a spatial resolution of 0.072 degree and a temporal interval of 15 days, while the NDVI3g data had a spatial resolution of 0.083 degree with a 15-day temporal interval and was extended to December 2011. In order to match the climate data, we aggregated the original resolution (0.072 or 0.083 degree) to half degree by calculating the average of the included grid cells. The monthly NDVI was generated with the maximum value composite method [18] . The growing-season NDVI was calculated by the average monthly NDVI from April to October in each calendar year [13] . Since the data in 1981 did not cover an entire year and the two data sets had different temporal coverage, we only focused on the overlapping study period from January 1982 to December 2008 for NDVIg and NDVI3g.
Only the vegetated area in the middle and high latitudes (30-90°N) of the Northern Hemisphere were analyzed in this study. The vegetated area was extracted from the NDVI3g data with two criteria: (1) each NDVI value during June to August was greater than 0.1 in all years and (2) the average NDVI value during June to August was greater than 0.3 in all years [7] . Figure 1 
Climate Data
The monthly temperature and precipitation data sets were provided by the Climatic Research Unit (CRU) at University of East Anglia. The current version 3.20 had a spatial resolution of half degree and covered the period 1901-2011. We extracted the monthly climate data in the same period with the NDVI time series (i.e., . The growing-season temperature was computed as the average monthly temperature from April to October, while the growing-season precipitation was calculated as the total monthly precipitation from April to October.
Methods
A simple linear regression method was used to retrieve the long-term trend in the interannual variations of NDVI (i.e., year as the independent variable and NDVI as the dependent variable). A piecewise linear regression [19] was used to investigate whether there were TPs in the growing-season NDVI time series for each grid cell during the study period (i.e., 1982-2008). Since the study period was not long enough (27 years) and many previous studies also indicated that only one TP occurred around the 1990s [9, 11] , we assumed that there was only one TP during the given period and confined the timing of TP in the middle piece of the study period by excluding the first and last five years in order to avoid too few data points in the linear regression. Since the piecewise linear regression will always have smaller residual error compared with the overall linear regression, we applied the Akaike information criterion (AIC) [20, 21] to evaluate the necessity of introducing TP. If the information criterion of the piecewise linear regression model was smaller than that of the overall linear regression model, a TP was introduced for the NDVI time series.
The response of NDVI to temperature/precipitation change was expressed as the linearly regressed slope of NDVI against temperature/precipitation for each pixel. Statistical significance testing at the 0.05 level for linear regression was conducted by the F-test. It should be noted that since the data in the study were all latitude-longitude gridded, each pixel should be area-weighted with the square root of cosine of latitude to get equal area before statistical analysis [22] .
Results and Discussion
Differences in the Interannual Variations of Vegetation Activity
Overall Changing Trends in NDVI Time Series
NDVIg data showed a larger proportion of increasing trends (62.9%) and a smaller proportion of decreasing trends (37.1%) in growing-season NDVI during 1982-2008 (Figures 2a and 3 ). The pixels with a significant increasing trend (25.1%) spread over northern Alaska, southern and eastern Canada, central Europe and eastern Russia, while those with a significantly decreasing trend (9.4%) were mainly distributed in southern Alaska, western Canada and northern Russia (Figure 2a) . The area-weighted average for all significantly changing trends in NDVIg was 0.00085 yr . NDVI3g demonstrated an even larger proportion of increasing trends (81.7%) and smaller proportion of decreasing trends (18.3%) in growing-season NDVI (Figures 2b and 3 ). The pixels with significantly increasing trends (44.8%) were distributed in northern Alaska, northwestern and southern Canada, entire Europe, western and eastern Russia, and central China, while those with significantly decreasing trends (2.8%) were mainly scattered over Canada, central Russia and northeastern China (Figure 2b ). The area-weighted average for all significantly changing trends in NDVI3g was 0.00161 yr −1 , the average for significantly increasing trends was 0.0018 yr −1 , and the average for significantly decreasing trends was −0.0014 yr Both NDVIg and NDVI3g had more pixels for increasing trends than for decreasing trends in growing-season NDVI during 1982-2008 (Figure 2 and 3) . Over 70% of the pixels showed the consistent overall changing trends for both data sets (i.e., both NDVIg and NDVI3g showed increasing or decreasing trends); however, a large difference in spatial distribution patterns was found (Figure 4 ). The discrepancies spread over almost the entire study region and were particularly evident in Alaska, Canada, northern Russia, northern Europe, and central China. NDVI3g showed a stronger increasing trend than NDVIg in most regions except in southern and eastern Canada (Figures 2 and 4) . A 70% less area with significantly decreasing trends and 78% more area with significantly increasing trends were detected in NDVI3g as compared to NDVIg. The area-weighted average for the significantly increasing trends were similar between both data sets, while the area-weighted average for the significantly decreasing trends from NDVI3g was 20.45% less than that from NDVIg. The area-weighted averages for all significant trends were positive for both data sets, but the trend from NDVI3g was almost twice as great as that from NDVIg. NDVI3g and NDVIg also differed in the average values (0.56 vs. 0.49) and the overall changing trends (0.0009 yr ) for the area-weighted average growing-season NDVI during 1982-2008. The large differences in the high latitudes (especially in the areas greater than 60°N) of the Northern Hemisphere may be because the data quality in NDVI3g in the high latitudes was explicitly improved in calibrations and post-processing normalizations [16] . The dramatic changes over Russia around 75°N were caused by the artificial discontinuity of NDVIg data, because NDVIg used SPOT sensor data for intercalibration while NDVI3g corrected these abnormal values using SeaWiFS sensor data [17, 23] . 
Turning Point in NDVI Time Series
The Turning Points (TP) detected from NDVIg mostly happened before 1996, and the pixels with TP later than 1996 were mainly distributed in the high latitudes, such as northern Canada and northern and eastern Russia (Figures 5a and 6 ). The average timing (calculated as the centroid of the polygon constituted by the frequency distribution of TP in Figure 6 ) of TP detected from NDVIg was in 1994. The proportions of the timing of TP detected from NDVI3g were similar for different periods (Figure 6 ), and the pixels with TP later than 1996 were mostly distributed in Alaska, eastern Europe and central Russia (Figure 5b ). The average timing of TP detected from NDVI3g was in 1995.
The timing of TP detected from NDVIg and NDVI3g showed different spatial patterns during the period 1982-2008 (Figures 5 and 7) . The differences were mainly located in the northern pan-arctic region ( Figure 7) . The pixels showing TPs in NDVIg while with no TPs in NDVI3g were distributed in central North America, central Europe, and northern and eastern Russia. About half of the study area had TPs for both data sets, but only 24% of the study area showed the same timing of TP (Figure 7 ). For some areas in Alaska and central Russia, timings of TPs detected from NDVI3g were later than those from NDVIg, while for some regions in eastern Russia, the detected TPs from NDVI3g were earlier than those from NDVIg. (Figures 8 and 9) . Both NDVI data sets demonstrated significantly positive responses to temperature change in Alaska, Canada and Russia, and significantly negative responses in the southern conterminous US and northern Kazakhstan. The pixels with significant response were mainly distributed between 45°N and 75°N. The spatial average for all significant responses of NDVIg to temperature change was 0.0118 °C The general spatial patterns were consistent between NDVIg and NDVI3g in the response of NDVI to temperature change. However, NDVI3g data had 24% more pixels with a significantly positive response and 52% fewer pixels with a significantly negative response to temperature change than NDVIg (Figure 8 ). NDVI3g had more pixels with a significant response to temperature over Eurasia, such as northern Europe, as well as northern Russia and central China, while NDVIg showed more pixels with significant response to temperature change over Northern America and northern Kazakhstan (Figure 10 ). The spatial average for all significant responses to temperature change was 18% greater in NDVI3g than in NDVIg. Significant response (P < 0.001) was still found between the area-weighted average NDVI and average temperature change for both data sets, but the response magnitude of NDVI3g (0.0174 °C 
Differences in the Response of Growing-Season NDVI to Precipitation Change
NDVIg and NDVI3g both showed a lower proportion of significant response to precipitation change (Figures 11 and 12 ). There were 11.1% and 7.4% pixels showing significantly positive and negative responses to precipitation in NDVIg, respectively, while 11.8% and 6% in NDVI3g. The significant positive responses to precipitation change for both NDVIg and NDVI3g were mainly distributed between 30°N and 60°N, such as in northern conterminous US, southern Europe, northern Kazakhstan and northern Mongolia, while significant negative responses were distributed between 45°N and 75°N, such as in Alaska, Canada, northern Europe and Russia. The spatial average for all significant responses of NDVIg was 0.61 × 10 , respectively. Since most pixels in the vegetated area demonstrated an insignificant response to precipitation change for both data sets, it was not surprising that the spatial patterns were generally consistent between the two NDVI data sets. However, some discrepancies existed between them at the border of Alaska and Canada, northern and eastern Canada, and northern Russia ( Figure 13 ). More pixels showed a significant response for NDVI3g at the border of Alaska and Canada, while fewer pixels showed a significant response for NDVI3g in eastern Canada, northern Europe and northeastern Russia. Moreover, the responses of area-weighted average NDVI to average precipitation change were completely opposite between the two NDVI data sets (i.e., −0.91×10 
Contributions and Challenges to the Monitoring of Vegetation Activity Change
Our comparative analysis between NDVIg and NDVI3g indicated that the two NDVI data sets had large discrepancies in monitoring vegetation activity change and its response to climate change, which may be underestimated based on the NDVIg data set in the middle and high latitudes of the Northern Hemisphere. It is urgent to check consistency and establish a connection between studies using the two versions of NDVI data sets to monitor vegetation activity change (e.g., [9, 13, 14, [24] [25] [26] [27] [28] [29] [30] [31] [32] ). Our study only demonstrated the potential differences in monitoring vegetation activity change with different NDVI versions. Evaluating which NDVI data set was more reliable and whether the detected vegetation activity changing trends from NDVI3g revealed the actual change in vegetation activity was beyond the capability of this study, and further studies are needed to compare and evaluate the performance of both NDVI data sets in monitoring vegetation activity and their responses to climate change. To achieve this, other data sets, such as other satellite-derived NDVI data sets, ecological data sets from ground observations, and eddy flux tower observations, should be integrated. Other satellite-derived NDVI data with better quality (e.g., MODIS NDVI) could be used to evaluate GIMMS NDVIg and NDVI3g, but satellite-based data will always have much uncertainty because of discrepancies in the performance of the sensor, atmospheric conditions (e.g., cloud, vapor, aerosol, etc.) and sun-sensor-surface viewing geometries. The ecological data sets from ground observations could provide ground truth values for vegetation activity change, but we have to deal with the scaling-up issue when using them to compare satellite data. Fortunately, the eddy flux tower observations, whose footprints range from 250 m to 3 km, are comparable with the satellite-derived data and have been widely used to evaluate and validate satellite-derived vegetation parameters (e.g., net primary productivity) [33] [34] [35] . Therefore, we could use the eddy flux tower observations to further evaluate which GIMMS NDVI data set could better reflect the actual variation in vegetation activity in the future.
Conclusions
In this study, we compared the old version (NDVIg) and the third version (NDVI3g) of the Normalized Difference Vegetation Index (NDVI) produced by the Global Inventory Modeling and Mapping Studies (GIMMS) group for monitoring vegetation activity change and its responses to climate change in the middle and high latitudes of the Northern Hemisphere. The main findings can be summarized as follows:
• Vegetation activities detected from the two NDVI versions during the same study periods (i.e., 1982-2008) showed large differences in the spatial patterns for both the overall changing trends and the timing of Turning Points (TP), which spread over almost the entire study region.
There was 78% more area with significantly increasing trends and 70% less area with significantly decreasing trends in NDVI3g, and the detected average changing trend from NDVI3g was almost twice as great as that from NDVIg. Only 24% of the study area showed the same timing of TP for both data sets and the average timing of TP was one year later in NDVI3g than in NDVIg.
• The responses of NDVI to temperature/precipitation had consistent spatial patterns between NDVIg and NDVI3g, but there were large differences in the response magnitude. NDVI3g had a higher response magnitude to temperature than NDVIg. There were 24% more pixels with statistically significantly positive responses and 52% fewer pixels with significantly negative responses to temperature change in NDVI3g than in NDVIg. Area-weighted average NDVIg and NDVI3g had insignificant but opposite responses to precipitation change.
• Our comparative analysis between NDVIg and NDVI3g indicated that NDVIg data set may underestimate the vegetation activity change trend and its response to climate change in the middle and high latitudes of the Northern Hemisphere during the past three decades. It is urgent to check consistency and establish a connection between existing studies based on the two NDVI versions. Moreover, other ecological data sets (e.g., eddy flux tower observations) should be further integrated to evaluate and validate the detected vegetation activity changes from NDVI3g time series.
